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Na4imyo-inositol cotransport is regulated by tonicity in cultured rat
mesangial cells. Mesangial cells are considered to be faced with osmotic
stress under physiological (such as extraglomerular mesangial cells) and
pathophysiological (for example, diabctes mellitus) conditions. To see if
mesangial cells have an osmoregulatory mechanism, like renal mcdullary
cells, we measured the intracellular contents of organic osmolytes in
isotonic and hypertonic conditions. Cultured rat mesangial cells arc well
tolerant of acute increase in osmolality up to 500 mOsmlkg. The myo-
inositol contcnt increased in hypertonic cells more than six-fold the value
in isotonic cells. The contents of glycerophosphoryleholine and sorbitol
also increased but were less than that of myo-inositol. The Nat-dependent
myo-inositol uptake in hypertonic cells was a 12-fold uptake in isotonic
cells, reaching a maximum 24 hours after the switch to a hypertonic
medium. The uptake rate increased as medium osmolality increased from
300 to 500 mOsmlkg. Raffinose is the most effective solute to increase the
myo-inositol uptake. NaCI, glucose and mannitol also increased the uptake
rate (NaC1> glucose > mannitol).The increased uptake by hypertonicity
was the result of an increase in Vm without change in Km and was
dependent on RNA and protein synthesis. These results indicate that
mesangial cells respond to extracellular hypertonicity by increasing myo-
inositol transport activity and accumulating myo-inositol into the cells,
suggesting that myo-inositol functions as an organic osmolyte in mesangial
cells.
Many hypertonic bacteria, plants, marine animals, and the
mammalian renal medulla are protected from the deleterious
effects of high intracellular concentrations of electrolytes by
accumulating high concentrations of the non-perturbing organic
osmolytes [1, 2]. In mammals organic osmolytes have been most
widely investigated in renal medullary cells, in both in vivo and in
vitro preparations. The predominant renal medullary osmolytes
are myo-inositol, betaine, glycerophosphorylcholine (GPC) and
sorbitol [3]. myo-Inositol has been identified as one of major
osmolytes in the renal medulla, some kidney-derived cell lines [4]
and brain cells [5]. Madin-Darby canine kidney (MDCK) cells
accumulate myo-inositol through Nat-coupled transporter when
cultured in hypertonic medium [6]. A cDNA encoding Nat'myo-
inositol cotransporter (SMIT) was recently isolated from MDCK
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cells [7]. The abundance of SMIT mRNA and the transcription
rate of SMIT gene increased when the cells were cultured in a
hypertonic medium, suggesting that transcription is the primary
step in regulation of myo-inositol transport by hypertonicity [8].
Similar results were obtained from brain glial cells [9].
Previous reports concerning renal medullary osmolytes have
shown that myo-inositol differs from other organic osmolytes in
that it is as high or higher in the outer medulla as in the inner
medulla. This distribution pattern is universally seen in mammals
such as rats [10], rabbits [11], dogs [12] and humans [13]. We have
recently reported [14] that myo-inositol content and SMIT mRNA
abundance in both outer and inner medulla of the kidney were
significantly higher in dehydrated rats than those in hydrated rats.
Interestingly, there is a little but significant amount of myo-
inositol in the cortex as well, and dehydration increased myo-
inositol content and SMIT mRNA abundance in this region [14].
These results suggested that there is osmoregulatory SMIT in the
cortex of kidney. However, little information is available on the
occurrence of such osmolytes in renal cortical cells because most
attention has been directed towards the accumulation of organic
osmolytes in the renal medulla.
Intracellular myo-inositol depletion has been observed in a
variety of tissues during diabetes mellitus and appears to be an
important factor in the pathogenesis of diabetic injury [15—17]. A
number of studies have extensively characterized the competitive
inhibition of myo-inositol uptake by glucose in a variety of cells
[18—20], including glomerular mesangial cells [21]. These studies
suggest that myo-inositol deficiency is mainly due to acute com-
petitive inhibition of rnyo-inositol uptake [22, 23] based on the
stereochemical similarity of glucose and myo-inositol. There are,
however, some controversial reports regarding the content and
transport of rnyo-inositol in diabetic state. Loy et al demonstrated
that myo-inositol content in various tissues does not change or
even increases in diabetic animals [24]. The increased myo-
inositol transport has been recently shown in diabetic rat glomer-
ular cells [25]. Moreover, the up-regulation of the transport has
been shown in mesangial cells [26] and aortic endothelial cells [27]
when cultured in a medium containing high glucose. We speculate
that the increased rnyo-inositol transport by high glucose is at least
partly due to response to hyperosmolality.
The purpose of the present study is to see if mesangial cells
accumulate myo-inositol in response to hyperosmolality and if
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they have Na/myo-inositol cotransporter that is regulated by
tonicity. Our results have shown that mesangial cells respond to
extracellular hypertonicity by increasing Nat-dependent myo-
inositol transport and accumulating myo-inositol into the cells,




Cultured mesangial cells were prepared from four-week-old
Sprague-Dawley rat kidney as previously described [28]. Briefly,
glomeruli were isolated by consecutive sieving with three different
stainless meshes (120, 75, and 53 jim). The glomeruli were seeded
onto 10 cm culture dishes and cultured at 37°C in a 95% air and
5% CO2 environment, using a tissue culture medium of 6 ml
RPMI 1640 (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan)
supplemented with 20% decomplemented fetal calf serum (Cell
Culture Laboratories, Cleveland, OH, USA). The first subculture
was done on day 21 of the primary culture, when almost all of the
grown cells originated from mesangial cells. Identification of
mesangial cells was carried out by several methods [29, 30].
Mesangial cells showed positive staining for anti-thy 1.1 antibody,
vimentin, desmin, and a-smooth muscle cell actin. The cells at 3 to
6 passages were used for the following experiments. When the
cells were grown to confluence, some were switched to hypertonic
(500 mOsm/kg) medium. Hypertonic medium was made by the
addition of NaC1 up to 500 mOsm/kg when otherwise indicated. Cells
were fed three times a week and on the day before experiments.
Cultured mesangial cells seemed to be well tolerant of an acute
increase in osmolality up to 500 mOsmlkg. No significant mor-
phological change was observed in the cells bathed in hypertonic
(500 mOsm/kg) medium. There were no significant differences in
cell number and protein content between isotonic and hypertonic
cells for at least until 48 hours after the switch. Over 600
mOsmlkg, however, the cells began to round up and detach within
24 hours.
Measurement of intracellular organic osmolytes
Intracellular organic osmolytes were measured in perchioric
acid (PCA) extracts of mesangial cells grown on 10 cm dishes. The
cells were rinsed twice with Dulbecco's phosphate-buffered saline
(PBS). For the cells in hypertonic medium, PBS was made
hypertonic (500 mOsm/kg) by adding NaCI. After aspirating the
excess PBS, 1 ml of 7% PCA was added to each dish. The cells
were scraped off the dish and centrifuged at 2400 X g for 10
minutes, The supernatants were used for determination of Os-
molyte concentrations. The pellets were then dissolved in 0.25 N
NaOH and were used for measurement of protein content
(Bio-Rad Protein Assay; Bio-Rad Laboratories, Richmond, CA,
USA). Bovine serum albumin was treated in an identical fashion
(PCA, NaOH) and used as a protein standard.
Concentrations of osmolytes in PCA extract were measured
essentially by high-performance liquid chromatography (HPLC)
as described previously [31]. Briefly, the supernatants from the
centrifugation were neutralized with 2.0 N KOH to pH 7 and
centrifuged again; the supernatants were then passed through a
Sep-Pack C18 cartridge (Waters, Milford, MA, USA) in order to
remove substrates that might damage the HPLC column. In
addition, extracts used to measure myo-inositol and betaine (but
not sorbitol or GPC) were placed on a 1 ml AG1-X4 (hydroxyl
form) column, and myo-inositol and betaine were eluted with 4 ml
of water, This ion-exchange column retained unidentified peaks
that otherwise appeared near myo-inositol and betaine on HPLC,
but passed >99% of the myo-inositol and betaine. The organic
osmolytes were measured in the processed extracts by HPLC with
the use of a Sugar-Pak Ca (Nihon Waters, Tokyo, Japan) column.
To confirm the results of HPLC assay, the concentrations of
myo-inositol and sorbitol were measured by gas-chromatography
(Hitachi 710; Hitachi, Tokyo, Japan). Because both methods
showed very consistent results, only the data of HPLC analysis
have shown.
Measurement of myo-inositol uptake into mesangial cells
To examine myo-inositol transport, we measured the uptake of
radiolabeled myo-inositol into mesangial cells grown on Cluster 12
dish (Costar, Cambridge, MA, USA). The cells were rinsed twice
with PBS, and then incubated for 15 minutes at 37°C in the uptake
medium (150 or 250 mrvi NaCI, 5 mrvi KCI, 2 mM CaC12, 1 mM
MgC12, 10 mrvi HepeslTris[hydroxymethyl] aminomethane, pH
7.4), containing 10 jiM myo-inositol and 0.5 jiCi/mI [3H] myo-
inositol (20 Ci/mmol, New England Nuclear, Boston, MA, USA).
The uptake by mesangial cells was found to be linear with time for
at least 30 minutes. Accordingly, uptake measured after 15
minutes of incubation was taken as the initial uptake rate. After
the uptake period, cells were washed three times with 2 ml of
ice-cold stop solution (150 or 250 m lithium chloride, 5 mM KC1,
2 mtvi CaCl2, 1 mtvt MgCl2, 10 mrvt Hepes/Tris[hydroxymethyl]
aminomethane, pH 7.4). The cells were then solubilized in 0.5 ml
of 0.5 N NaOH, neutralized by 0.25 ml of 1 N HCI, and counted in
5 ml of scintillation fluid (ACSII, Amersham). Aliquots of 25 iil
were used for protein determination (Bio-Rad Protein Assay)
using albumin as a standard. In experiments in which the cells
were in hypertonic medium, PBS, and uptake medium were made
hypertonic (500 mOsm/kg) by adding NaCl unless otherwise
specified. Stop solution was made hypertonic by adding LiCI.
To see if the difference in Na concentration (150 and 250 mM)
of uptake medium affect myo-inositol uptake, we measured the
uptake using several types of uptake media (250 mtvi NaCI, 150
mM NaCI plus 200 mrt mannitol, raffinose or glucose). There were
no significant differences in myo-inositol uptake among these
media. So we simply used the uptake medium with 250 mrvi NaC1
for every experiment of hyperosmolar cells.
Data analysis
The results shown are means SD. When no error bar is shown
in a figure, the SD is smaller than the symbol. For comparisons
between two groups the unpaired Student's t-test (two tailed) was
used and for multiple comparisons the one-way analysis of
variance (ANOVA) was used. Statistical significance was set at
P < 0.05. All experiments were performed more than once with
similar results.
Materials
[3H] myo-inositol was purchased from New England Nuclear.
Unlabeled myo-inositol was purchased from Sigma Chemical (St.
Louis, MO, USA). Other chemicals were of the highest purity
available from commercial sources.
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Isotonic Hypertonic
myo-inositol 9.7 2.2 58.4 6.1
Sorbitol ND 14.7 4.5
GPC 3.8 1,5 16.7 3,7a
Betaine ND ND
Results
Effects of hypertonicity on osmolyte content
To see if mesangial cells accumulate organic osmolytes in
response to hypertonicity, we measured the concentrations of
organic osmolytes in isotonic mesangial cells and the cells 48
hours after the medium osmolality was increased (300 to 500
mOsm/kg) by the addition of NaCI. Table 1 shows the contents of
myo-inositol, GPC, sorbitol, and betaine, all of which have been
identified as organic osmolytes in renal medulla. The myo-inositol
content in hypertonic cells increased to about sixfold the value in
isotonic cells (Table 1). GPC also significantly increased in
hypertonic mesangial cells. Although sorbitol was not detectable
in isotonic cells, hypertonicity clearly increased the sorbitol con-
tent in mesangial cells. Betaine was too little to measure its
concentration even in hypertonic condition. Thus, mesangial cells
accumulate myo-inositol, GPC and sorbitol in response to hyper-
tonicity. myo-Inositol is most abundant of these osmolytes in
hypertonic mesangial cells. Figure 1 shows the time course of
myo-inositol accumulation in the cells after increasing extracellu-
lar osmolality. The cells were grown in isotonic medium, then
switched to hypertonic medium at time 0. myo-Inositol content
gradually increased after the cells were switched to hypertonic
medium, reaching a maximum 48 hours after the switch. The
relative increase in myo-inositol content in mesangial cells was
higher than that in MDCK cells (3 to 4 times isotonic levels)
although the isotonic level is lower in mesangial cells [6, 32].
myo-Inositol was accumulated more slowly in MDCK cells, reach-
ing a maximum level three to four days after the switch to
hypertonic medium.
Nat-dependency of myo-inositol uptake
The accumulation of myo-inositol in renal medullary cells has
been shown to be due to the increased uptake through Nat-
coupled transporter [6, 33]. To see if Nat-dependent myo-inositol
transport in mesangial cells is regulated by tonicity as well, we
examined myo-inositol uptake in isotonic mesangial cells and the
cells 24 hours after the medium osmolality was increased. Figure
2 shows the myo-inositol uptake in the presence or absence of
sodium. Lithium was used to replace all sodium when measured
uptake in the absence of sodium. To give the sodium-dependent
component of transport, uptake measured in the absence of
sodium was subtracted from uptake measured in the presence of
sodium. Natdependent myo-inositol uptake was about 60% of total
uptake in isotonic mesangial cells (Fig. 2). Only the Na-dependent
component was induced by hypertonicity so that Na-dependency
was a91% in hypertonic cells (Fig. 2). In the subsequent experi-
Time, hours
Fig. 1. Time course of myo-inositol content in mesangial cells after shift in
medium osmolality. On time 0, confluent cells cultured in isotonic medium
(300 mOsm/kg) were switched to same medium made hypertonic (500
mOsm/kg) by addition of NaCI. Results are means 5D of 3 independent
experiments.
ments, all of our data are shown as Natdependent transport of
myo-inositol.
Time course of myo-inositol uptake after medium tonicily
increased
The time course of the hypertonicity-induced increase in the
NC-dependent uptake of myo-inositol is shown in Figure 3.
Switching mesangial cells to a hypertonic culture medium (300 to
500 mOsmlkg) elicited a rapid increase in the rate of myo-inositol
uptake. Twenty-four hours after the switch, the peak rate was 13
times that in isotonic cells and then the uptake rate decreased
slowly. Figure 3 also shows the reversal of hypertonicity-indueed
increase in myo-inositol uptake. When the cells cultured in
hypertonic medium for 24 hours were shifted to isotonic medium,
myo-inositol uptake decreased rapidly, so that after 16 to 24 hours
the uptake rate had reverted to the isotonic level.
Kinetics of myo-inositol uptake in mesangial cells
Transport of myo-inositol was saturable in mesangial cells.
Kinetics of myo-inositol transport into isotonic cells and into the
cells exposed to hypertonic medium for 24 hours are illustrated in
Figure 4. There was no significant difference in Michaelis constant
(1Cm) between isotonic and hypertonic mesangial cells (42.2 MM
for isotonic cells and 56.6 MM for hypertonic cells). These values
were comparable to previous reports for myo-inositol transport in
mesangial cells [21, 34]; and MDCK cells [7]. On the other hand,
maximal velocity (Vme) in hypertonic cells was about 20 times
that in isotonic cells. Thus, the increased uptake by hypertonicity
results from increased Vmax without a significant change in Km.
Table 1. Organic osmolyte contents (nmol/mg protein) in isotonic
mesangial cells and in the cells 48 hours after switching to hypertonic
medium
Values are means SD of three independent experiments. ND is not
detectable (less than 2 nmol/mg protein).
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Fig. 2. Natdependency of myo-inositol uptake in mesangial cells under iso-
tonic and hypertonic conditions. [3H] myo-inositol uptake was measured in
isotonic mesangial cells and the cells 24 hours after switching to hypertonic
medium. Lithium chloride was used to replace sodium chloride. Each bar is
mean of 3 independent experiments; error lines are SD. Na(+), uptake in the
presence of sodium; Na(—), uptake in the absence of sodium. ap < 0.01 vs.
isotonic cells. bp < 0.01 vs. uptake in absence of Na.
Effects of different solutes on myo-inositol uptake
In the case of MDCK cells, the magnitude of increase in osmolyte
transport activity (for example, myo-inositol and betaine uptake)
depended on the solute used for increasing osmolality of the
medium [6, 35]. So, we measured the myo-inositol uptake in
mesangial cells bathed in media made hypertonic by various
solutes for 24 hours. As shown in Figure 5, raffinose was the most
effective solute to increase the uptake rate of myo-inositol. NaCl
was as effective as raffinose. Glucose and mannitol also markedly
increased the uptake rate. In contrast, the addition of urea, which
is considered to be a permeant, perturbing solute, had no effect on
myo-inositol uptake.
Osmolalily dependency of myo-inositol uptake
To see if the myo-inositol transport increases as medium
osmolality increases or if there is a threshold of osmolality to
induce the transport, we measured the Na-dependent myo-
inositol uptake rate 24 hours after switching to medium with
different osmolarities (Fig. 6). The medium osmolality ranged
from 300 to 500 mOsmlkg which were made by addition of 0 to
200 mOsm!kg of NaCI, glucose or mannitol. The uptake rate
increased as medium osmolality increased until 500 mOsm!kg
when any solute used. NaC1 is most effective of these three solutes
to increase myo-inositol uptake at any osmolality. Mannitol is
always less effective than NaCI and glucose. At 350 mOsmlkg,
NaC1 and glucose significantly increased the uptake rate but
mannitol did not. At more than 400 mOsm/kg, all of these solutes
significantly increased the uptake. As mentioned in the Methods
section, the cells began to round up and detach within 24 hours
• increase
osmolality
Fig. 3. Time course of rate of Na -dependent myo-inositol uptake in
mesangial cells after shift in medium osmolality. On time 0, confluent cells
cultured in isotonic medium (300 mOsm/kg) were switched to same
medium made hypertonic (500 mOsmlkg) by addition of NaC1 (U). After
24 hours, some dishes of hypertonic cells were returned to isotonic
medium (Ky). Results are means so of 3 to 5 independent experiments.
over 600 mOsm/kg. The uptake rate tended to decrease over 600
mOsm/kg (data not shown).
Effects of inhibitors of RNA and protein synthesis on myo-inositol
uptake
Kinetics studies demonstrated that the exposure of mesangial
cells to hypertonicity increased myo-inositol transport by increas-
ing the Vmax rather than by altering Km. This result suggests an
increase in availability of active transporter at the cell membrane.
The possibility that the hypertonicity-induced changes in myo-
inositol transport might require RNA and protein synthesis was
examined. Either actinomycin D (0.4 .LM) or cycloheximide (3.5
was added to medium made hypertonic by addition of NaC1.
myo-Inositol uptake was measured 14 hours after switching to
hypertonic medium with or without an agent. Either actinomycin
D or cycloheximide significantly prevented the increase of myo-
inositol transport activity caused by the exposure of cells to
hypertonicity (Fig. 7). In contrast, the same concentration of
actinomycin D or cycloheximide did not cause any significant
change of myo-inositol uptake in isotonic cells (data not shown).
Discussion
This study demonstrates that mesangial cells respond to hyper-
tonic stress by accumulating organic osmolytes such as myo-
inositol, sorbitol and GPC. Mesangial cells predominantly accu-
mulate myo-inositol in response to hypertonicity (Table 1). We
also found that the uptake of myo-inositol by mesangial cells was
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Fig. 4. Edie-Hofstee plot of myo-inositol uptake into mesangial cells. Nat-
dependent myo-inositol uptake was measured 24 hours after switching
medium osmolality. Symbols are: (0) uptake in isotonic medium; (V) uptake
in hypertonic medium. Km = 42.2 LM, Vm = 22.6 pmollminlmg protein in
isotonic medium and 56.6 LM, 462 pmollminlmg protein in hypertonic
medium, respectively. Each point is mean of 3 independent experiments.
myo-inositol transport in mesangial cells resembles that in MDCK
cells, suggesting that myo-inositol transporter functions as an
osmolyte transporter in mesangial cells as well and participates in
intracellular accumulation of myo-inositol.
We have recently shown in an in viva study [141 that there is
osmoregulatory SMIT in the cortex of kidney. It is probable that
the part of the SMIT we observed in the cortex is derived from
mesangial cells. It has been shown that aldose reductase mRNA
and protein increases in mesangial cells cultured in media made
hypertonic by various solutes (NaC1, raffinose, sorbitol and glu-
cose) [36], which results in sorbitol accumulation in the cells.
However, we could not detect the aldose reductase mRNA in the
cortex of kidney even in the dehydrated rats [14]. This result of in
viva study appears to be consistent with the present study showing
that the content of sorbitol is less than one-fourth of that of
myo-inositol. There has been no reports concerning the hyperto-
nicity-induced GPC accumulation in mesangial cells. In renal
medullary cells, GPC is most abundant osmolyte in rat renal
medulla [3, 14] and down-regulation of UPC:choline diesterase by
hypertonicity is considered to be responsible for accumulation of
GPC [37]. Our results indicate that mesangial cells have the same
or similar mechanism for GPC accumulation although the contri-
bution of GPC as a mesangial cell osmolyte would be relatively
small.
Total osmolyte content we measured (the sum of tnyo-inositol,
sorbitol and GPC) in hypertonic mesangial cells was 90 nmol/mg
protein. These values are less than that in MDCK cells in similar
conditions [4]. The difference in the content between isotonic and
hypertonic cells was —75 nmol/mg protein. If the water content of
Fig. 5. Effects of different salutes used for increasing osmolality on myo-
inositol uptake rate. Nat-dependent myo-inositol uptake was measured in
mesangial cells bathed in the media made hypertonic by various solutes
(NaCl, raffinose, mannitol, glucose, and urea) for 24 hours, or in isotonic
mesangial cells (ISO). Each bar is mean of 3 independent experiments;
error lines are sn. ap C 0.01 vs. isotonic (300 mOsm/kg) cells.
mesangial cells is similar to MDCK cells, it corresponds to —30
m in terms of intracellular concentration [4]. This intracellular
concentration of organic osmolytes is not enough to fill the gap of
osmolality between isotonic and hypertonic cells. Inorganic sol-
utes may represent a significant portion of the osmolytes in the
cells. It is probable that mesangial cells have some other organic
osmolytes. One possible type of organic osmolyte is amino acids.
We have recently shown that mesangial cells respond to extracel-
lular hypertonicity by increasing system A neutral amino acid
transport activity and accumulating amino acids [38], suggesting
that neutral amino acids can function as compatible osmolytes in
mesangial cells. The accumulated amino acids in hypertonic
mesangial cells correspond to —40 m in terms of intracellular
concentration [38].
The sorbitol accumulation and myo-inositol deficiency have
been observed in a variety of tissues (including glomerulus) during
diabetes mellitus and appears to be an important factor in the
pathogenesis of diabetic complications. However, recent reports
[24—27] have shown the increase or no change in myo-inositol
content in tissues of diabetic animals and the increased myo-
inositol transport in cultured cells exposed to high glucose. They
called this discrepancy as "inositol paradox" and explained that
the cells in diabetic state respond to competitive inhibition by
up-regulation of transport activity, thereby compensating the
inhibitory effect of glucose. The increased myo-inositol uptake by
high glucose was considered not to be caused by hypertonicity,
because mannitol did not upregulate myo-inositol uptake [26, 27].
If this is true, then myo-inositol transporter in mesangial cells
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Fig. 6. Osmolality dependency of myo-inositol uptake into mesangial cells.
Symbols are: (LI) NaC1; ( ) glucose; () mannitol. Na-dependent
myo-inositol uptake rate was measured 24 hours after switching to
different osmolality. The medium osmolality ranged from 300 to 500
mOsm/kg which were made by addition of 0 to 200 mOsm/kg of NaCI,
glucose, or mannitol. Each bar is mean of 3 independent experiments;
error lines are ap < 0.01, bp < 0.05 vs. isotonic (300 mOsm/kg) cells.
regulated by tonicity. We speculate that the difference between
the reports concerning high glucose and hypertonicity is simply
due to the difference of medium osmolality used. In the experi-
ments concerning diabetic complications, magnitude of the in-
creased osmolality is up to 50 m. On the other hand, we usually
used 500 mOsm/kg for hypertonic medium and 300 mOsm/kg for
isotonic medium in the series of experiments for osmoregulation.
As shown in Figure 5, mannitol is always less effective on
up-regulation of myo-inositol transport compared to NaC1 or
glucose. In fact, mannitol did not have significant effect on
myo-inositol transport at 350 m, whereas NaC1 and glucose
significantly increased myo-inositol transport at the same osmolal-
ity. We suggest that the increased myo-inositol transport by high
glucose is at least partly due to the response to hyperosmolality.
Kinetics of myo-inositol transport and subsequent experiments
using inhibitors have shown that stimulation of myo-inositol
transport by hypertonicity is dependent on both RNA and protein
synthesis. These results suggest that myo-inositol transport activity
increases by changing mRNA abundance for the myo-inositol
transporter. This likely results in an increased number of trans-
porters, increased uptake of myo-inositol into the cells and
increased intracellular content of myo-inositol. These results
suggest that enhanced transcription of the myo-inositol transporter
gene is playing a key role in myo-inositol accumulation in mesangial
cells by hypertonicity, as shown in renal medullary cells [8].
The mechanism for stimulation of transcriptions of the osmo-
regulatoiy genes remains unclear. It has been reported that yeast
mitogen-activated protein (MAP) kinase and its activator (MAP
kinase-kinase) are involved in osmosensing signal transduction
iso Hyp
Fig. 7. Effects of inhibitors of RNAand protein synthesis on hypertonicity-
induced enhancement of myo-inositol uptake in mesangial cells. Nat-
dependent myo-inositol uptake was measured 14 hours after switching
medium osmolality. When indicated, actinomycin D (Act, 0.4 M) or
cycloheximide (Cyclo, 3.5 jiM) was added to the hypertonic medium. Each
bar is mean of 3 independent experiments; error lines are SD. Iso, isotonic
cells; Hyp, hypertonic cells without adding the inhibitors. ap < 0.01 vs.
isotonic cells, "P < 0.01 vs. hypertonic cells without adding the inhibitors.
and that mutants in these kinases fail to accumulate glycerol, a
yeast osmolyte [39]. We have recently found that MAP kinase and
its activator MAP kinase-kinase are induced by hypertonic stress
in MDCK cells, and that the induction of these kinases are
dependent on protein kinase C [40]. Similar results were obtained
from mesangial cells (unpublished observation). On the other
hand, it has been shown that protein kinase C is involved in the
stimulation of myo-inositol transport by high glucose in mesangial
cells [26]. Thus, the protein kinase C-MAP kinase signaling
pathway may also play a role in the regulation of myo-inositol
transport by tonicity in mesangial cells.
Physiological role of the osmoregulatory mechanism we showed
in mesangial cells is uncertain. In contrast to renal medullary cells,
cortical cells are bathed by fluid whose osmolality varies only
within the relatively narrow range usually encountered by cells
elsewhere in the body. There is, however, an important exception;
the cells in the juxtaglomerular interstitium, where chloride (Cl—)
concentration is known to be very high. Persson, Sakai and Marsh
[41] demonstrated in Amphiuma that C1 concentration of the
juxtaglomerular interstitium changed with the tubular flow rate,
suggesting that C1 activity or osmolality could be a signal for
tubuloglomerular feedback [42]. They found that C1 concentra-
tion of the juxtaglomerular interstitium exceeded plasma levels
(—100 mM) at all tubular flow rates and increased to over 600 mM
as the flow rate increased. The minimum value of interstitial
chloride activity was —160 m when the perfusion was stopped.
Thus, the cells in this region are faced with extreme hypertonicity
and would need to be adapt to high osmolality. A group of the
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lacis cells. Because these cells are indistinguishable from mesang-
ial cells with respect to their fine structure and actually extend into
the stalk of the mesangium, they are referred to as extraglomeru-
lar mesangial cells [43]. We suggest that the extraglomerular
mesangial cells probably have an osmoregulatory mechanism to
maintain their cell volume when they are faced with extracellular
hypertonicity. Although it is not clearly established to what extent
the properties of cultured mesangial cells can be extrapolated to
Goormaghtigh cells, we speculate that Goormaghtigh cells may
have the same mechanism at least in terms of osmoregulation as
we showed in cultured mesangial cells. This point will require
further study.
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Appendix. Abbreviations
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